INTRODUCTION {#SEC1}
============

In addition to their roles as precursors for nucleic acid biosynthesis, cofactors and energy currency, nucleotides are used as both intra- and extra-cellular signals. Several nucleotides, especially those with cyclic phosphate linkages, are encountered as intracellular signals across the three superkingdoms of life. In addition to being second messengers functioning downstream of extracellular stimuli sensed by surface receptors, they are also produced in direct response to intracellular stimuli. The first identified and best-studied of these, cAMP ([@B1],[@B2]), produced in response to different stimuli, binds multiple signaling proteins to regulate several processes, including transcription ([@B3]). In animals it is produced upon activation of G-protein-coupled receptors and mediates signaling related to basic metabolic adaptation, as well as specialized processes like learning and memory. In bacteria cAMP regulates developmental and physiological processes ([@B4]), including catabolite repression, a phenomenon involving global transcriptional changes to utilize the preferred carbon source ([@B5]). A related molecule, cGMP, is also widely utilized as a second messenger. In eukaryotes it plays a role in the global amplification of extracellular signals, contributing to regulation of several processes including ion channel conductance, and in animals has acquired signaling roles in specialized contexts such as ocular phototransduction and smooth muscle relaxation ([@B6]). While bacterial cGMP signaling has been implicated in certain developmental signaling processes (e.g. cyst formation in *Rhodospirillum* ([@B7])), its roles still remain to be investigated in detail ([@B8]).

More recently, signaling by other cyclic nucleotides has come to light. The cyclic di-nucleotide c-di-GMP is a major intracellular signaling molecule in bacteria which regulates numerous pathways including the transition between motile single cells and communal biofilms ([@B9]), chromosomal replication ([@B10]) and polysaccharide synthesis ([@B11]--[@B13]). The related molecule c-di-AMP has also emerged as a major regulator of global signaling in bacteria, controlling cell-wall synthesis, potassium homeostasis and gene expression ([@B14]). It is also generated in response to direct sensing of endogenous branched DNA, making it a checkpoint regulator ([@B15],[@B16]). Both eukaryotes and bacteria generate forms of cyclic GMP-AMP (cGAMP). In eukaryotes, 2′-5′ cGAMP is produced upon direct sensing of double-stranded (ds)DNA in the cytoplasm ([@B17]). cGAMP then stimulates production of type I interferons, which constitute an important arm of the antiviral response ([@B18]). In *Vibrio cholerae*, formation of 3′-5′ cGAMP regulates virulence ([@B19],[@B20]). While the targets and mechanism of activation for cGAMP have been analyzed in some detail in eukaryotes, bacterial cGAMP remains comparatively poorly understood, although in delta-proteobacteria cGAMP has been shown to regulate exoelectrogenesis ([@B21],[@B22]).

Like cyclic nucleotides, their linear counterparts play comparable roles as intracellular messengers that convey specific as well as global signals. Guanosine 5′-diphosphate, 3′-diphosphate (ppGpp; known as the alarmone), P1-(adenosine-5′)-P3-(guanosine-3′-diphosphate-5′)-triphosphate (ApppGpp) and P1,P4-diadenosine-5′-tetraphosphate (AppppA) are all produced as intracellular signals in response to stress in bacteria, and some of these have also been reported in eukaryotes. The alarmone regulates the 'stringent response' to cellular stress in bacteria ([@B23]) and elicits similar responses in plants ([@B24]). In vertebrates, linear 2′-5′ oligoadenylates (2′-5′A) ranging from 2 to 30 mers are produced in response to sensing of double-stranded viral RNA and stimulate latent ribonucleases for the degradation of the invading RNA ([@B25]). Beyond whole nucleotides, parts thereof might be used as signals. In plants, N6 modified adenines or cytokinins (growth-promoting signaling molecules) are generated via hydrolytic release of the base from corresponding nucleotides, which in turn are derived either from degraded tRNAs or via *de novo* synthesis ([@B26]). A parallel nucleotide-derived signaling molecule was recently demonstrated in *Mycobacterium tuberculosis* as a potential regulator of its intracellular infectivity ([@B27]). Recent work proposes that the TER system, a multi-component anti-bacteriophage and heavy metal resistance network in bacteria, generates a nucleotide-derived modified base that is used as an intracellular signal ([@B28]).

Studies on enzymes generating these signaling nucleotides and their derivatives have revealed a web of evolutionary and biochemical connections. All synthetases that use NTPs as substrates to generate the above-mentioned cyclic and linear nucleotides belong to just four distinct superfamilies. The classical adenylyl and guanylyl cyclases ([@B29]) and GGDEF domains which generate c-di-GMP ([@B30]) belong to a large superfamily of enzymes that also includes most DNA polymerases, reverse transcriptases, viral RNA-dependent RNA polymerases and T7-like DNA-dependent RNA polymerases. Another distinct, large superfamily of nucleotidyltransferases, also including DNA polymerase β (polβ superfamily) ([@B31],[@B32]), contains several nucleotide-generating families; namely the CyaA-like bacterial adenylyl cyclases ([@B29],[@B31]), the cyclic 2′-5′ GMP-AMP synthase (cGAS), bacterial 3′-5′ cGAMP synthetases typified by the *V.cholerae* DncV (formerly known as VC0179) ([@B19],[@B20]) and 2′-5′A synthetase (oligoadenylate synthetase: OAS). The alarmone-generating RelA/SpoT-like enzymes are highly derived members of this superfamily ([@B31]). The characterized c-di-AMP synthetases belong to the DisA superfamily, members of which directly monitor DNA integrity via a fused DNA-binding domain ([@B15],[@B16],[@B33],[@B34]). AppppA is generated by amino acyl tRNA synthetases, such as the lysyl tRNA synthetase, in the absence of their usual tRNA substrates ([@B35]). Recent work has shown that nucleotide-derived signaling bases, like cytokinins, are generated by NMP ribohydrolases belonging to the vast but poorly-understood [S]{.ul}MF/DprA-[LOG]{.ul} (SLOG) superfamily ([@B27]).

In terms of mechanism of action, some of these signaling nucleotides regulate their targets by direct binding---for instance, the alarmone directly binds the RNA polymerase ω subunit, while the 2′-5′A activates RNaseL via direct binding ([@B8],[@B36]). In the case of cAMP and cGMP certain conserved domains, such as the GAF and cNMPBD, serve as sensors within cells ([@B8]). While c-di-GMP in bacteria is recognized by protein sensors such as the PilZ domain, it is predominantly sensed using conserved riboswitches ([@B9],[@B11]--[@B13]). Interestingly, conserved riboswitches are also responsible for the sensing of c-di-AMP generated by DisA in bacteria. Similarly, bacterial cGAMP is sensed by a riboswitch limited in its distribution to deltaproteobacteria, suggesting other potential receptors might be deployed ([@B21],[@B22]). In vertebrate defense systems the protein sensor STING detects cGAMP and activates signaling ([@B18]). Likewise, the CARF domain was recently proposed as a nucleotide sensor in CRISPR/Cas systems, thereby expanding the role of nucleotide signaling to prokaryotic defense systems ([@B37]).

Biochemical and biological studies of classical signaling systems utilizing cNMPs and c-di-GMP along their upstream sensory and downstream signaling cascades has considerably advanced over the past two decades. However, systems centered on other nucleotides, such as the bacterial cGAMP and nucleotide-derived bases, remain less characterized. To better understand these systems we used a comprehensive search strategy based on structural analysis of known nucleotide-generating enzymes combined with comparative genomics. This led to the discovery of a vast network centered on nucleotides and nucleotide-derived bases, encompassing conflict systems acting on non-self nucleic acids, toxin-antitoxin systems and selfish elements. We also identify examples of proteins from these systems being recruited to distinct nucleotide sensor roles in eukaryotes, such as one that might be involved in regulating the transient receptor potential melastatin (TRPM) class of ion channels.

MATERIALS AND METHODS {#SEC2}
=====================

Iterative sequence profile searches were performed using the PSI-BLAST program ([@B38]) against the non-redundant (NR) protein database of National Center for Biotechnology Information (NCBI). Similarity-based clustering for both classification and culling of nearly identical sequences was performed using the BLASTCLUST program (<ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html>). The HHpred program ([@B39]) was used for profile--profile comparisons. Structure similarity searches were performed using the DaliLite program ([@B40]). Multiple sequence alignments were built by the MUSCLE ([@B41]), KALIGN ([@B42]) and PCMA ([@B43]) programs, followed by manual adjustments on the basis of profile--profile and structural alignments. Secondary structures were predicted using the JPred program ([@B44]). The Pfam database was used as a guide to assign domains to proteins identified through profile searching ([@B45]), though the Pfam profiles were often augmented by addition of newly detected divergent members that were not detected by the original models. BLASTCLUST clustering followed by multiple sequence alignment and further sequence profile searches were used to identify domains not present in Pfam. In this way, a comprehensive library of domain architectures covering the entire protein space of the identified systems was constructed. Signal peptides and transmembrane segments were detected using the TMHMM ([@B46]) and Phobius ([@B47]) programs. Contextual information from prokaryotic gene neighborhoods was retrieved by a custom PERL script that extracts the upstream and downstream genes of the query gene and uses BLASTCLUST to cluster the extracted proteins. This led to identification of all conserved gene neighborhood domain associations depicted in network figures. Domain association networks were rendered using Cytoscape ([@B48]). Network edge directionality follows N- to C-terminal positioning for fused domains in a single polypeptide and 3′-5′ order for conserved gene neighborhoods. Domain association counts derived from unique architectures and/or gene neighborhoods at the species level for an organism were used to assign network edge thickness. Networks were constructed with the Kamada--Kawai algorithm ([@B49]), with minor manual adjustments made to improve legibility of node connections. Phylogenetic analysis was conducted using an approximately-maximum-likelihood method implemented in the FastTree 2.1 program under default parameters ([@B50]). Structural visualization and manipulations were performed using PyMol (<http://www.pymol.org>). The in-house TASS package, a collection of PERL scripts, was used to automate aspects of large-scale analysis of sequences, structures and genome context.

RESULTS AND DISCUSSION {#SEC3}
======================

Identification of a network of novel nucleotide-signaling protein domains {#SEC3-1}
-------------------------------------------------------------------------

To discover and elucidate components of novel nucleotide-based signaling systems we initially focused on enzymatic domains other than those defining classical second messenger signaling systems, i.e. cNMP and c-di-GMP-centric systems (e.g. cNMP cyclase and GGDEF domains). One such domain is the 3′-5′ cGAMP-generating DncV protein, encoded by the seventh pandemic pathogenesis island-1 (VSP-1) ([@B51]) as part of the *Vibrio cholerae* pathogenesis program ([@B19],[@B52]). Little else is known of signaling systems centered on this nucleotide in bacteria. Seeding sensitive iterative sequence profile and hidden Markov model searches with DncV and its orthologs, we detected numerous polβ superfamily proteins. We then clustered the results to isolate DncV-related sequences from other previously-characterized families ([@B31],[@B32]) (Materials and Methods). As conserved gene-neighborhood and genomic associations in prokaryotes and domain architectures are a useful tool to elucidate gene functions ([@B53]--[@B55]), we next constructed a library of such contextual data for DncV-related sequences (Materials and Methods, Supplementary Material).

We expanded this library by combining sequence searches with contextual analysis (as above), seeded with domains recovered as having contextual links to DncV-like proteins. Thereby we identified new contextual links for those domains that were independent of DncV-like proteins. Transitively repeating this procedure until we saturated all frequently occurring domains, we obtained a library of potentially functionally-linked proteins. We carried out similar procedures with certain other seeds, such as members of the SLOG superfamily, to extend our analysis to nucleotide-derived signaling bases. The combined findings are displayed as a network in Figure [1A](#F1){ref-type="fig"}. The nodes of the network are individual domains and usually span phylogenetically distant organisms indicating that they define components of widespread, novel nucleotide-centric signaling systems (for complete list of systems see Supplementary Material). Several nodes, including DncV-like proteins, are hubs, which are shared across multiple systems as defined by conserved gene neighborhoods and architectures (Figure [1A](#F1){ref-type="fig"}). All domains in the network were subject to in-depth sequence analysis to understand their evolution and structure; hubs in the network are described in detail in the ensuing sections.

![(**A**) Genome context network overview of identified systems. Networks constructed as described in Materials and Methods, with blue edges representing domains directly fused in the same polypeptide and gray edges representing links in conserved gene neighborhoods. (**B**) Network depicting the relationship between nucleotide synthesizing and recognition/processing enzymes (left) with sensor/regulatory domains (middle left), TM-containing domains (middle right) and potential secondary effectors (right). (**C**--**J**) Representative depictions of conserved domain architectures and gene neighborhoods containing predicted TM pore-forming effectors (for comprehensive list of architectures and neighborhoods, see Supplementary Material). Domain architectures are depicted as adjacent shapes and are not drawn to scale. Gene neighborhoods are depicted as box arrows. Architectures and neighborhoods are labeled with NCBI gene identifier (gi) number and organism name, separated by underscore. Abbreviation of organism lineage is provided to the right of the label in parenthesis. Abbreviations: prot, proteobacteria; bacter, bacteroidetes; actino, actinobacteria; spiro, spirochaetes; firm, firmicutes; nitro, nitrospirae; cyano, cyanobacteria; plancto, planctomycetes; thermo, thermotogae; aquif, aquifex; tener, tenericutes; fuso, fusobacteria; euryarch, euryarchaea; chlorof, chloroflexi; deino, deinococci; euk, eukaryotes. (**K**) Network centered on the Patatin hub. (**L** and **M**) Network and gene neighborhood representation of newly-identified, preQ0-based R-M system.](gkv1267fig1){#F1}

Overview of hubs in the network {#SEC3-2}
-------------------------------

### Hub 1: The SMODS domain {#SEC3-2-1}

DncV-like proteins are present in most major bacterial lineages and a few archaea (Supplementary Material); however, its sporadic distribution in each lineage is suggestive of dissemination by horizontal gene transfer (HGT). Sequence-similarity searches point to a specific affinity between the DncV-like proteins and the OAS family, with several members of the former group sharing features of the latter. Hence, a subset of the DncV-like proteins are likely to synthesize linear oligonucleotides similar to OAS. Accordingly, we hereafter refer to the DncV-like proteins as the SMODS ([S]{.ul}econd [M]{.ul}essenger [O]{.ul}ligonucleotide or [D]{.ul}inucleotide [S]{.ul}ynthetase) family. The two families are in turn joined in a higher-order clade by the eukaryotic cGAS-like family, which was previously noted to be related to the OAS family ([@B36],[@B56],[@B57]). Similarity-based clustering (Materials and Methods) revealed that these three families belong to a large assemblage within the polβ superfamily, which unites several other families, namely the archaeal tRNA CCA-adding enzymes, eukaryotic TRF proteins which add nucleotides to the 3′ end of diverse RNAs, eukaryotic Poly(A)polymerases, NF45/NF90 and NRAP ([@B32],[@B58]--[@B60]). These are unified by the fusion of the polβ domain to the largely α-helical PβCD domain at the C-terminus ([@B58]) and a long N-terminal α-helix in the polβ domain, dubbed the 'spine' ([@B36]) (Figure [2A](#F2){ref-type="fig"}).

![(**A**) Cartoon (left) and surface (right) structure rendering of DncV representative of the SMODS family. Active site residues, predicted oligonucleotide recognition residues, and ligand are rendered as ball-and-stick. Predicted recognition residues (left) and surface patch corresponding to R281 side chain (right) are colored in pink. (**B**--**D**) Network and representative domain architectures and gene neighborhoods depicting relationships between SAVED and SMODS domains. See Figure [1](#F1){ref-type="fig"} legend for abbreviations and further explanation. (**E** and **F**) Representative gene neighborhoods depicting nestling of two-gene systems within classical CRISPR/Cas and R-M systems.](gkv1267fig2){#F2}

Structural analysis of these families revealed additional features conserved in only a subset of families, including the clade uniting the SMODS, OAS and cGAS-like families (Figure [2A](#F2){ref-type="fig"}, Supplementary Table S1): (i) a pocket on the 'backside' of the nucleotidyltransferase active site, and (ii) two positively-charged residues (lysine or arginine) located in the first helix of the PβCD domain. The same helix also contains a third positively-charged residue (usually lysine) at the opposite end, which points into the active site and interacts with the phosphate group of the nucleotide substrate. In OAS and cGAS these features together with the 'spine' are respectively associated with the sensing of dsRNA and dsDNA ([@B17],[@B36]). In particular, the second conserved basic residue in the first helix of the PβCD domain might play a role in communicating the sensing of ds-nucleic acids to the active site via the basic residue at the opposite end of this helix. While DncV can form cGAMP in the absence of a double-stranded oligonucleotide *in vitro* ([@B19]), given the conservation of the above features and the depth of the pocket, which houses the nucleic acid in the DncV dimer structure, it is likely that most members of the SMODS family are capable of sensing ds-nucleic acids. It remains unclear if other families of this assemblage, which possess the above features are also similarly regulated by allosteric interactions with nucleic acids. At least in the case of the poorly-characterized eukaryotic NF45/NF90/DZF family (Supplementary Table S1) we propose that such a function is likely: the NF45 protein could function in sensing double-stranded oligonucleotides, consistent with fusions to dsRNA-binding domains and studies linking the family to functional roles in DNA break repair ([@B61]), RNA granule assembly ([@B62]) and defensive response to the vaccinia virus ([@B63]).

Across bacteria several SMODS domains are fused to a previously unknown C-terminal domain, which is also found fused to the C-termini of certain bacterial adenylyl/guanylyl cyclase domains. Hence, we propose the moniker AGS-C ([A]{.ul}denylyl/[G]{.ul}uanylyl and [S]{.ul}MODS [C]{.ul}-terminal) for the domain (Figure [2B](#F2){ref-type="fig"}, [C](#F2){ref-type="fig"}). AGS-C is predicted to adopt an α+β fold containing a central element with 4--5 contiguous strands (Supplementary Material). It is characterized by multiple well-conserved polar residues, including an absolutely-conserved histidine residue. These features and its independent fusion to structurally unrelated cyclic nucleotide synthetases suggest that AGS-C might act as a sensor for different cyclic nucleotides.

### Hub 2: SLOG superfamily proteins {#SEC3-2-2}

The SLOG superfamily of domains were recently shown in bacteria and plants ([@B26],[@B27]) to cleave modified AMPs to release the base as cytokinins, which function as growth-stimulating hormones in plants ([@B26],[@B64]--[@B66]). Having repeatedly recovered this domain in our contextual linkage searches (Figure [1A](#F1){ref-type="fig"}), we analyzed it in greater detail. Using similarity-based clustering we identified in the SLOG superfamily a total of 15 families falling into 5 distinct clades (Table [1](#tbl1){ref-type="table"}). Only three of these families have been previously characterized: (i) the classical LOG family which generates cytokinin-like molecules; (ii) the Smf/DprA family which binds single-stranded (ss)DNA and interacts with RecA during transformation and recombination ([@B67]); (iii) the molybdenum cofactor-binding (MoCoBD) family ([@B68]). We then used available experimental and structural data with alignments constructed for individual families to establish key conserved and lineage-specific features (Table [1](#tbl1){ref-type="table"}). The SLOG domain adopts a three-layered α/β sandwich Rossmannoid fold ([@B69]) with a characteristic substrate-binding loop rich in glycine and small residues in the standard location between strand-1 and helix-1 (Figures [2](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}) ([@B70],[@B71]). The SLOG domain is further characterized by (Figure [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}): (i) two additional loops with small residues C-terminal to strand-2 and strand-5. (ii) A conserved substrate-binding pocket formed predominantly by the region between the crossover helix-4 and helix-5. (iii) Conserved residues derived from helix-2, helix-4 and helix-5 contributing to the active site pocket, which is distinct from other Rossmannoid domains. (iv) Presence of an often degenerate helix (H3) between S3 and S4. (v) Variability of strand-helix units which follow the crossover strand and helix: H6, S7 and H7 are lost in several lineages, while in other families these strands (or S1/H1) are circularly permuted (Table [1](#tbl1){ref-type="table"}).

![(**A**--**C**) Cartoon renderings of SLOG (A), DRHyd (B) and TIR (C) domains. Secondary structure elements specific to SLOG (A) are colored in light blue and rendered as transparent. Strands in the SLOG domain, N- and C-termini, and conserved residues are labeled. (**D**) Topology diagram of idealized SLOG domain, with strands and helices depicted as boxed arrows and coils, respectively. (**E**--**J**) Network and representative gene neighborhoods of systems containing the TIR domain. See Figure [1](#F1){ref-type="fig"} for abbreviations and further explanation.](gkv1267fig3){#F3}

###### Shared features of the SLOG superfamily

                                                                                                        Secondary structure elements and conserved residue positions common to SLOG superfamily                                                                      
  ---------------------- ------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------- ---- ------- ------- ------------- ----- -------- ------- -------- ------------------------------------
  LOG proper             classic LOG (2Q4D)                                                             GS                                                                                        \-   GGG     M       PxxL          dH3   RK       PGG     TxE/DE   H6a-H6b; S7 and H7 present
                         Moco-binding (2IZ5)                                                            GsG                                                                                       \-   sGG     M       P-            dH3   R        GxG     TxxE     H6; S7 and H7 present
                         Genome tandem LOG (1WEK)                                                       GSs                                                                                       \-   GGGsG   M       PF            dH3   RK       PGG     TxDE     H6a-H6b; S7 and H7 present
                         DUF4478/3412 fusion (4NPA)                                                     GG                                                                                        H    GCG     M       P-            dH3   R        PGG     TxEE     H6a-H6b; S7 and H7 present
  Sir2/TIR-associating   STALD ([S]{.ul}ir2/[T]{.ul}IR-[A]{.ul}ssociating [L]{.ul}OG-Smf/[D]{.ul}prA)   SGs                                                                                       p    sGxG    h       PF            dH3   R        GSR/K   xxxE     H6-H6b?; cpS7 and cpH7 present
                         LDcluster2                                                                     SxS                                                                                       D    GG-     h       P-            H3    oxMR     GG-     xxEE     H6; H7 present, S7 possibly absent
                         LDcluster3                                                                     SxS                                                                                       R    GGH     h       Qo            dH3   SxxxMR   GG-     xxxE     H6; H7 present, S7 possibly absent
                         LDcluster4                                                                     GSG                                                                                       \-   TGss    h       P-            dH3   R        sG-     TxxE     H6; S7 and H7 present
                         TPALS ([T]{.ul}IR/[P]{.ul}NP-[A]{.ul}ssociating [L]{.ul}OG-DprA/[S]{.ul}mf)    GS                                                                                        \-   -ss     DW      polar patch   H3    Q        GGG     ---p     H6; S7 and H7 present
  YpsA proper            YpsA (2NX2)                                                                    oG                                                                                        R    ss-     GxD/E   PF            H3    a        D/Ns    Txxx     H6, S7, H7 absent
                         cpYpsA (3IMK)                                                                  NxAGs (cpS1,H1)                                                                           R    SGGQ    GxD     P- (dS3)      dH3   RTxxN    ---     GoxxT    H6; S7 and H7 absent
                         YAcAr ([Y]{.ul}sp[A]{.ul}, [c]{.ul}pYps[A r]{.ul}elated)                       sGs                                                                                       \-   Gs      GxD/E   --            dH3   RN       SG-     oxxx     H6, S7, H7 absent
  LSDAT proper           LSDAT ([L]{.ul}OG-[S]{.ul}mf/[D]{.ul}pr[A]{.ul} in [T]{.ul}RPM) prokaryote     GGA                                                                                       \-   ssGT    h       --            dH3   WxxE     sGG     TxxE/D   H6a-H6b; S7 and H7 present
                         LSDAT ([L]{.ul}OG-[S]{.ul}mf/[D]{.ul}pr[A]{.ul} in [T]{.ul}RPM) eukaryote      GG                                                                                        \-   ssG     \-      --            dH3   ExxxR    -GG     ----     H6a-H6b; S7 and H7 present
  SMF/DprA               Smf/DprA (4LJR)                                                                Gs                                                                                        R    SGxA    GxD     Px\[6\]Y      H3    RN/D     ---     ----     ee-H6; S7 and H7 present

Abbreviations: o, serine/threonine; s, small residue; h, long hydrophobic residue; x, any residue; d, degenerate secondary structure element; a, aromatic; ?, presence of element not clear from alignment; cp, circularly-permuted element; -, element or residue not conserved; ee, extended loop; resi, residue.

These features have multiple implications for the SLOG superfamily (Figure [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}): (i) nucleotide binding, whether of DNA/RNA oligonucleotides as observed in the DprA/Smf family or NMPs as in the LOG family, is a likely ancestral and pervasive feature of the superfamily. (ii) In some cases when alternative ligands were acquired, as in the MocoBD family, they often share structural features with nucleotides, like the pterin phosphate moiety, which is accommodated similar to the sugar phosphate in other families ([@B68]). (iii) Several uncharacterized families in the SLOG superfamily display conserved residues, which could catalyze a reaction on a nucleotide or nucleotide-derived substrate similar to the classical LOG proteins. These observations suggest that the SLOG superfamily is likely to encompass dual functions, with certain versions serving as (oligo)nucleotide sensors and others as enzymes that operate on nucleotides (Figure [1A](#F1){ref-type="fig"}).

### Hub 3: TIR domain {#SEC3-2-3}

Prokaryotic TIR domains ([@B72]) repeatedly emerged in our contextual analysis with links to other hubs in the network. TIR domains are best-known for their overlapping roles in innate immunity and apoptosis in various eukaryotes ([@B73],[@B74]), where they are believed to act as adaptors mediating protein-protein interactions ([@B75]). While bacterial TIR proteins have long been recognized ([@B73],[@B76],[@B77]), their biochemistry remains poorly understood. Initially, bacterial TIR domains were thought to be virulence factors disrupting innate immunity in eukaryotic cells; however, this notion has since been persuasively repudiated ([@B72]). Additionally, computational analyses have suggested that at least a subset of bacterial TIR domains are likely to function as enzymes that operate on nucleic acids ([@B60],[@B78],[@B79]). Moreover, it displays a Rossmannoid fold with conserved residues in the typical active site positions of enzymatic versions of this fold (Figure [3D](#F3){ref-type="fig"}) ([@B80]). Profile--profile comparisons (see Materials and Methods) indicated a specific relationship between the TIR domain and another Rossmannoid domain, the catalytic domain of the (deoxy)ribohydrolase (DRHyd) superfamily (some members included in Pfam Clan CL0498), which unites enzymes hydrolyzing the bond between bases and the pentose sugar in nucleotides/ nucleosides (Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}, Supplementary Material). The active site residues of these enzymes are positioned similar to the conserved residues in the TIR domain and the two domains adopt a comparable trimeric configuration. Moreover, these two Rossmannoid domains show further specific structural relationships to the SLOG superfamily, which also recovers the DRHyd superfamily and vice versa in profile--profile searches (Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}). These observations suggest that TIR domains are likely to perform functions similar to representatives of the DRHyd and SLOG superfamilies, either as ligand-binding sensors which recognize (oligo)nucleotides or as enzymes processing them.

### Hub 4: SLATT domain {#SEC3-2-4}

A previously-uncharacterized superfamily of domains with two transmembrane (TM) helices was found to frequently link the SMODS and SLOG domains in the contextual network (Figure [1A](#F1){ref-type="fig"}). This domain has representatives in most major bacterial lineages, some eukaryotes and Nucleo-Cytoplasmic Large DNA viruses (NCLDVs). While a subset of the superfamily is detected by the DUF4231 model (Domain of Unknown Function ([@B81])) from the Pfam database ([@B45]), a major fraction of this family as defined by us was not captured by this model. Multiple alignments revealed a conserved core for the domain consisting of a pair of N-terminal TM helices and a largely helical C-terminal cytoplasmic region (Supplementary Material). We accordingly term the expanded superfamily the SLATT (for [S]{.ul}MODS and [L]{.ul}OG-Smf/DprA-[A]{.ul}ssociating [T]{.ul}wo [T]{.ul}M) domain. Clustering analysis identified seven monophyletic families of SLATT domains, of which five are critical components of systems we uncovered (Supplementary Material). The TM helices often contain family-specific polar residues that are likely to form an intramembrane aqueous channel that might facilitate transport of molecules across the membrane. Of the two families of SLATT domains that do not seem to occur in nucleotide-centric systems, one tends to be encoded by solo genes bereft of genomic context in bacteria. The other occurs in several fungi and is typically lineage-specifically expanded in them (Supplementary Material).

### Hub 5: SAVED, a potential nucleotide sensor domain fused to diverse effectors {#SEC3-2-5}

We uncovered a previously uncharacterized domain with strong operonic linkage to genes encoding SMODS enzymes. Strikingly, it seldom occurred by itself, instead showing fusions to various domains that we interpret as being effector domains (see below and Figure [2B](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}). Hence, we named this domain the SAVED domain, for [S]{.ul}MODS-[a]{.ul}ssociated and fused to [v]{.ul}arious [e]{.ul}ffector [d]{.ul}omains. The SAVED domain is predicted to adopt an α+β fold featuring a central 4--5 strand β-sheet and multiple well-conserved residues including a characteristic histidine. The position of the conserved histidine within the central β-sheet and the secondary structure parallels the above-mentioned AGS-C domain, suggestive of a potential distant relationship between them (Supplementary Material). Moreover, given its strong operonic and/or phyletic pattern correlation with the SMODS domain, it appears that the SAVED domain, like the AGS-C domain, might bind cGAMP or a linear oligonucleotide (similar to 2′-5′A) generated by the former enzymes.

The SAVED domain is fused to domains such as (Figures [2B](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"} and [4A](#F4){ref-type="fig"}): (i) an HNH endonuclease domain sometimes accompanied by a further N-terminal fusion to an uncharacterized domain; (ii) a restriction endonuclease (REase) domain; (iii) a TIR domain; (iv) a calcineurin-like phosphoesterase domain ([@B82]); (v) a Lon peptidase domain with a serine-lysine active site ([@B83]); (vi) a metallopeptidase (MPTase) domain; (vii) a caspase-like peptidase ([@B84]); (viii) a JAB deubiquitinating peptidase domain; (ix) an α/β-hydrolase domain; (x) a 2TM module named SAF-2TM (for [SA]{.ul}VED-[f]{.ul}used [2TM]{.ul}), distinct from the above-mentioned SLATT domains. Except for the MPTase domain, which is fused to the C-terminus, the rest of the above domains are fused to the N-terminus of the SAVED domain. This architectural theme where the constant and well-conserved SAVED domain is combined with unrelated variable domains (Figure [2D](#F2){ref-type="fig"}), which are often found in other inter-genomic or inter-organismic conflict systems, parallels polymorphic toxin proteins with their constant parts and variable toxin domains ([@B85],[@B86]). This suggests that the fused domains are likely to act as effectors enzymatically targeting nucleic acids, proteins or membranes (the 2-TM domain being a potential pore-forming toxin ([@B87])).

![(**A**--**E**) Network and conserved gene neighborhoods representing systems containing the Ubl conjugation systems combined with two-gene systems. See Figure [1](#F1){ref-type="fig"} for abbreviations and further explanation. (**F**) Multiple sequence alignment of bacterial HORMA domains. Sequences in alignment are labeled to the left by organism abbreviation and gi number, separated by underscore. The first three sequences are known eukaryotic HORMA domains with experimentally determined structures labeled by Protein Databank (pdb) id and chain letter, separated by underscore. Bottom line provides amino acid residue consensus conservation for individual columns in the alignment, color-coordinated as follows: o, hydroxyl-bearing colored in orange; s, small colored in green; p, polar colored in blue; h, hydrophobic colored in yellow; b, big colored in gray; u, tiny colored in green. Conserved tryptophan crucial to the conserved HORMA binding pocket is marked with '\*' and colored in red. (**G**--**J**) Network and representative gene neighborhoods for systems containing the HORMA-TRIP13/Pch2 dyad combined with two-gene systems.](gkv1267fig4){#F4}

### Hub 6: Mutually exclusive, functionally equivalent Ubiquitin-conjugation and HORMA-TRIP13/Pch2 systems {#SEC3-2-6}

Two self-contained systems of domains constitute hubs in the network, which display comparable connectivity to partner nodes while never being connected to themselves (Figures [1A](#F1){ref-type="fig"} and [4A](#F4){ref-type="fig"}). This suggests that, while these two systems are biochemically distinct, they are likely to perform comparable functions with respect to their partners in the network. The more common of the two is a prokaryotic ubiquitin (Ub)-conjugation system (Figure [4B](#F4){ref-type="fig"}--[E](#F4){ref-type="fig"}). A spectrum of prokaryotic Ub systems, containing either a complete or a partial complement of the domains present in eukaryotic Ub-conjugation systems, have been described in prokaryotes ([@B88]--[@B91]). Those found in the current network contain the Ub-ligase E2 and usually also the E1-ligase, but lack RING-like E3 adaptor ligases ([@B89],[@B92],[@B93]). They further usually contain a JAB deubiquitinase (DUB) which removes Ub from the substrate (Figure [4B](#F4){ref-type="fig"}) ([@B88],[@B89]). Notably, while several prokaryotic Ub systems contain operonically-linked Ub-like (Ubl) proteins ([@B88],[@B89]), they are absent in the systems considered here. Absence of the Ubl and occasionally the E1 ligase in the systems (Figure [4C](#F4){ref-type="fig"}) is likely compensated for by utilization of another Ubl/E1 encoded in the genome. Consistent with this, there is evidence that ThiS and/or MoaD-like Ubls and ThiF/MoeB-like E1s might be utilized in conjugation even in the absence of operonic couplings of Ubls and E1 in prokaryotic genomes ([@B94]--[@B98]).

The second system of domains, constituting the alternative to the above hub, combines the first-identified prokaryotic homologs of the eukaryotic HORMA domain (Figure [4F](#F4){ref-type="fig"}) ([@B99]) with a prokaryotic homolog of the TRIP13/Pch2 family of the AAA+ superfamily of P-loop NTPases ([@B100],[@B101]) (Figures [1A](#F1){ref-type="fig"} and [4G](#F4){ref-type="fig"}--[J](#F4){ref-type="fig"}). In eukaryotes, homologs of the two domains play complementary roles during meiosis: HORMA proteins form a multimeric scaffolding complex via peptide-capture interactions mediated by a conserved binding cleft in the HORMA to 'coat' the chromosomal axis, while the TRIP13/Pch2 ATPase is involved in depletion of these complexes in regions where synaptonemal complexes form ([@B102],[@B103]). Conservation of the peptide-binding pocket with the characteristic tryptophan in prokaryotic HORMA domains (Figure [4F](#F4){ref-type="fig"}, Supplementary Material), along with the strict operonic association with the TRIP13/Pch2 ATPase, suggest that the functional association between the two, which is observed in eukaryotes, is also preserved in bacteria.

While biochemical properties of these hubs are not immediately suggestive of cyclic-/oligo- nucleotide generation or recognition, their strong connectivity to the SMODS and SAVED domains suggests that they are likely to dynamically interact with components directly involved in a nucleotide-related function (see below).

### Hub 7: Patatin domain {#SEC3-2-7}

The patatin domain shows a strong connection in the network to the SMODS domain and also less-prominent but consistent connections to the TIR and SLATT domains (Figure [1A](#F1){ref-type="fig"}, [K](#F1){ref-type="fig"}). Patatin belongs to the α/β hydrolase fold ([@B104]) and functions as a phospholipase, involved in cleavage of fatty acyl moieties from lipids at the cell membrane ([@B105]). When linked to the SMODS domain, it typically occurs mutually exclusively with SAVED-containing effectors, suggesting that it might operate as a membrane-targeting effector that is directly regulated by the SMODS partner.

Functional reconstruction of prokaryotic nucleotide-dependent systems {#SEC3-3}
---------------------------------------------------------------------

Analysis of the over 3000 prokaryotic conserved gene neighborhoods (Supplementary Material) represented by the network (Figure [1A](#F1){ref-type="fig"}), together with sequence analysis of individual components, allowed us to discern several 'syntactical' features in their organization. Based on these we reconstructed several potential functional themes for these nucleotide-dependent systems and accordingly organize them for further discussion (Supplementary Table S2, Material).

Systems with two primary components {#SEC3-4}
-----------------------------------

The simplest systems we identified consist of two genes tightly-coupled both in terms of physical distance in the genome and the breadth of the prokaryotic tree traversed by the gene pair. Based on the proteins encoded by the gene pairs we discerned two broad functional themes: (i) a cyclic- or oligo-nucleotide-generating enzyme coupled with another protein, which might belong to one of several unrelated superfamilies and (ii) a nucleotide-binding or processing domain similarly coupled to a protein which might be drawn from different, unrelated superfamilies. This pattern of gene-coupling is one of the defining characteristics of type-II toxin-antitoxin systems (T-A), wherein one of the components has a deleterious effect on the host (the toxin) while the other (the antitoxin) counteracts or controls the effects of the toxin ([@B106]). Indeed, this model helps interpret certain key features that we observe in these gene pairs. Sequence analysis revealed that the second gene in the pair, which encodes a protein drawn from one of several unrelated families, shows all hallmarks of being a toxin or effector (see below). However, the key variation on the basic T-A-like theme is the signaling aspect of the first component of the system, which either generates, binds or processes a nucleotide. In light of this, we interpret these as being nucleotide-regulated signaling systems, which generate or process a nucleotide in response to a stimulus, and this nucleotide in turn activates the coupled effector protein. We discuss below examples of each of the above themes to illustrate the striking diversity of components within them.

### Systems with a nucleotide-synthesizing enzyme {#SEC3-4-1}

All of these systems are united by one of the two components being a nucleotidyltransferase, which is predicted to generate a signaling nucleotide using NTP substrates (Figure [1B](#F1){ref-type="fig"}). The most common of these enzymes are members of the SMODS clade, contributing to its emergence as a hub in the network (Figures [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"} and [2B](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}). In addition to SMODS, we also infrequently found two other functionally uncharacterized families of the polβ fold, GrpB and Pfam DUF2204 (Figure [1B](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}) ([@B32]), in similar systems with two components, suggesting that they too might generate an uncharacterized nucleotide product. Further, we also identified systems with a divergent variant of the polβ fold, which is specifically related to the nucleotide-generating domain of the RelA/SpoT proteins, suggesting that it might synthesize a molecule similar to the alarmone ppGpp (Figure [1B](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}) ([@B107]). Other systems of this type display unrelated nucleotide-generating enzymes: some display the DisA-N domain suggesting that they likely synthesize c-di-AMP, similar to previously characterized DisA-N domains (Figure [1B](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}) ([@B16]). Finally, we found one further conserved domain in such systems, which profile--profile comparisons showed to contain a minimal version of the polymerase palm domain (with the RRM fold) with a specific relationship to the catalytic domain of the CRISPR polymerases (frequently referred to as Cmr2 or Cas10) (Figure [1B](#F1){ref-type="fig"}, [G](#F1){ref-type="fig"})([@B108],[@B109]). As they conserve structure and sequence features required for nucleotidyltransferase activity we named this the mCpol ([m]{.ul}inimal [C]{.ul}RISPR [pol]{.ul}ymerase) domain. Given that these nucleotidyltransferase domains share a specific relationship to the GGDEF domains that generate c-di-GMP, it is conceivable that both mCpol and regular CRISPR polymerases generate cyclic nucleotides like c-di-AMP (especially given that the active site of crystallized CRISPR polymerase domains contain an ATP ([@B110])).

Despite this diversity of nucleotidyltransferases, these systems can be placed in two thematic categories: *Those coupled primarily to enzymatic effector domains with intracellular targets*. This thematic category is dominated by systems in which a SMODS protein is linked in an operon to a protein with a SAVED domain fused to one of at least 10 distinct effector domains (described above, Figure [2B](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}). The other frequently occurring variant features effectors with Patatin or REase domains that however lack the SAVED domain (Figure [2C](#F2){ref-type="fig"}). These are most frequently operonically combined with a SMODS enzyme but occasionally also to a DisA-N c-di-AMP-generating enzyme (Figure [2C](#F2){ref-type="fig"}). Certain CRISPR polymerase-related mCpol proteins might also constitute such systems when they are fused to divergent CARF (another previously predicted nucleotide-sensor domain with a Rossmann fold ([@B111])), wHTH, and predicted RNase HEPN domains (Figure [1G](#F1){ref-type="fig"}) ([@B37],[@B79]). The nucleotide generated by the nucleotidyltransferase could be sensed by the SAVED (Figure [2C](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}), CARF (Figure [1G](#F1){ref-type="fig"}) or directly (in case of Patatin and certain REase domains) (Figure [2C](#F2){ref-type="fig"}) to unleash the activity of the effector domain to then target nucleic acids, proteins and lipids.*Those coupled to potential pore-forming effectors*. Here, in place of an intracellular effector protein, the second gene encodes a SLATT domain (also a hub in the network) or another TM protein (Figure [1B](#F1){ref-type="fig"}--[H](#F1){ref-type="fig"}). Like the SLATT domain, the other linked TM proteins also typically contain polar residues within their predicted TM-segments (Supplementary Material). Together with the functional analogy to the above theme, this suggests that the TM proteins function as pore-forming effectors, which are gated on the intracellular face of the membrane by nucleotides generated by the associated nucleotide-generating enzyme. The most common arrangement combines a SMODS-clade enzyme with a SLATT superfamily protein (Figure [1C](#F1){ref-type="fig"}). A variant of this system combines the SLATT domain with the RelA/SpoT-like enzyme in place of the SMODS (Figure [1E](#F1){ref-type="fig"}). This type typically contains a third component, a protein of the NA37/YejK superfamily, which binds DNA ([@B112],[@B113]). In several cases the RelA/SpoT-like enzyme might also occur with just the NA37/YejK independently of the SLATT protein. The presence of NA37/YejK proteins in these systems suggests that, like the previously reported DisA systems, these might be activated by sensing DNA, perhaps with unusual structural or compositional features, which in turn induces the RelA/SpoT-like enzyme to generate a nucleotide that triggers a response either via the linked SLATT protein and/or a version of the stringent response.

The S-4TM (for [S]{.ul}MODS-associating [4TM]{.ul}) is another novel TM domain, which in addition to the SMODS enzymes might be coupled to other polβ enzymes of the GrpB and DUF2204 families (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}). Another family of 2TM proteins, unrelated to the SLATT proteins, is linked to SMODS, DisA-N and mCpol nucleotide-generating enzymes in different systems. These proteins are characterized by a novel C-terminal intracellular domain S-2TMβ (for [S]{.ul}MODS-associating [2TM]{.ul}, [β]{.ul}-strand rich) with seven predicted β-strands, suggestive of a lipocalin-like β-barrel-like structure (Figure [1C](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}, [G](#F1){ref-type="fig"}, Supplementary Material). We predict that this domain probably serves as a sensor that binds the nucleotide generated by the linked generating enzyme. Finally, in a further system SMODS enzymes are coupled to a 2TM protein with an intracellular region containing a divergent version of the NUDIX domain with certain distinctive features in the substrate-interacting region (Figure [1C](#F1){ref-type="fig"}, Supplementary Material) ([@B97]). An additional characteristic of these systems is the fusion of the predicted nucleotide-binding AGS-C domain to the SMODS domain. NUDIX enzymes cleave nucleotide diphosphate bonds ([@B114]); hence, as has been observed for certain eukaryotic ion-channels, it is conceivable that they cleave such bonds in the nucleotides synthesized by the operonically-linked nucleotide-generating enzymes to regulate flux through the pore formed by the associated 2TM protein.

Both of these thematic categories of systems are conceived as being comparable to the well-studied eukaryotic systems with OAS and cGAS ([@B36],[@B57]). Given that SMODS proteins conserve the cognate nucleic-acid-recognition elements we predict that they too recognize invasive nucleic acids from bacteriophages or plasmids and synthesize nucleotide signals in response. The synthesized nucleotide in turn binds the effector and activates it to either target cellular components, thereby depriving the invader of an opportunity to replicate, or prevents the same by programmed cell death ([@B115]). Alternatively, they could directly target the nucleic acids or proteins of the invader. Moreover, a small subset of systems contains both SMODS and DisA-N proteins suggesting that in these cases more than one nucleotide signal might be deployed (Figure [2C](#F2){ref-type="fig"}, Supplementary Material). Presence of the mCpol domain in these systems (Figure [1G](#F1){ref-type="fig"}) also suggests that the related CRISPR polymerase in the CRISPR/Cas Cmr complex operates by generating comparable cyclic/oligo-nucleotide signals ([@B111],[@B116]). Further, the observed linkage of mCpol to the CARF domain implies that the latter domain might similarly sense nucleotide signals in classical CRISPR/Cas systems, which are rife with CARF domain proteins ([@B37]). In light of this proposal, the HD-phosphoesterase domain, which is fused to the CRISPR polymerase domain in CRISPR/Cas systems, might provide a means of terminating the signal by hydrolyzing the nucleotide. This would be comparable to the activity of the cNMP phosphodiesterases with HD domains in classical cNMP signaling ([@B117],[@B118]).

### Systems with a nucleotide-binding or processing protein {#SEC3-4-2}

While these usually share the two-gene operon architecture with the above-described systems, they differ from them in lacking a nucleotide-synthesizing enzyme. Nevertheless, presence of potential nucleotide-binding domains, as well as effectors shared with the above systems suggest that these systems also operate in a nucleotide-dependent fashion. Here too the same dichotomy is observed as above, with some containing predicted intracellular effectors and others TM effectors. Most of these systems are centered on TIR domains, which are predicted to bind/process nucleotides or their derivatives in these prokaryotic contexts (see above, Figures [1A](#F1){ref-type="fig"},[B](#F1){ref-type="fig"}, and [3E](#F3){ref-type="fig"}--[J](#F3){ref-type="fig"}). A prominent type of system with a potential intracellular effector combines a TIR domain protein with another protein that contains a SLOG domain fused to a distinctive version of the sirtuin (Sir2) domain that lacks the Zn-ribbon insert of the classical versions (Figure [3F](#F3){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}: Sir2/TIR-associating clade). While classical Sir2 domains are thought to function as protein deacylases ([@B119]), other studies have repeatedly implicated Sir2 as a potential effector in conflict systems, which targets DNA, perhaps via ADP-ribosylation or even nuclease activity ([@B60],[@B120]). Hence, we posit that the Sir2 domain functions as the effector, while the SLOG domain is the potential sensor of the nucleotide or its derivative (Figure [3F](#F3){ref-type="fig"}).

We also observed few variations on this theme: the first of these replaces the Sir2 protein with a peptidase of the caspase superfamily, which presumably functions as the effector (Figure [3G](#F3){ref-type="fig"}). It is linked to a SLOG domain from a clade different from those linked to Sir2, and a TIR protein, both encoded by separate genes. The second of these displays a gene coding for a protein with a SLOG domain fused to either of two distinct families of the SLATT domain occasionally combined with a gene for a TIR domain (Figure [1H](#F1){ref-type="fig"}, Supplementary Table S2). Yet another unites two genes respectively coding for SLATT proteins belonging to different families (Figure [1I](#F1){ref-type="fig"}, Supplementary Table S2), which are predicted to function as pore-forming effectors, and a TIR protein. Other related systems depart from this basic architecture by often combining one to four evolutionarily distant TIR domains with two distinct families of SLOG domains (Figure [3H](#F3){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}: Sir2/TIR-associating clade), either as multiple tandem genes in an operon or via fusion into a gene coding for a single polypeptide. Some of these systems additionally include a gene coding for a patatin domain (Figure [3I](#F3){ref-type="fig"}). In some the TIR and the SLOG domains are fused to caspase or purine nucleoside phosphorylase domains (Figure [3I](#F3){ref-type="fig"}). As proposed for the above systems, the linked enzymatic domains could function as effectors.

The exact mechanism of action of these systems is less clear than those with nucleotide-generating synthetases. Given our proposal that at least a subset of the TIR domains might bind and/or process (oligo)nucleotides or their derivatives, they could sense such molecules generated by other cellular processes or modified nucleotides generated by bacteriophages and restriction systems (see below). They could bind these to relay a signal to their effector components. Additionally, the SLOG domains are also known or predicted to bind and/or process nucleotides to release a free base and could act as further nucleotide-sensors or regulators of signaling by processing the nucleotide. In those systems where there are multiple TIR domains, in addition to nucleotide-recognition, they could also form multimeric complexes as part of the response.

Multi-component systems combinatorically derived from core systems with two components {#SEC3-5}
--------------------------------------------------------------------------------------

These are derived systems where a basic system with two components, no different from those described above, is combined with other systems, each with several additional components. The latter systems too might occur independently. However, the multi-component combination travels as a distinct evolutionarily mobile unit between different prokaryotes indicating that the combination of these otherwise independent systems can have special functional consequences. Hence, we describe them below in greater detail with an emphasis on functional predictions for the combined units.

### Systems with Ubl-conjugation or HORMA-TRIP13/Pch2 components {#SEC3-5-1}

In their most common manifestation, these systems combine a basic two-gene system with a SMODS enzyme and an effector with one of the two mutually exclusive multi-protein network hubs described above (Ubl-conjugation or HORMA-TRIP13/Pch2) (Figures [1A](#F1){ref-type="fig"} and [4A](#F4){ref-type="fig"}). The HORMA-TRIP13/Pch2-containing systems come in two types with either a single or two divergent HORMA proteins (Figure [4G](#F4){ref-type="fig"}, [H](#F4){ref-type="fig"}). The SMODS component of these systems also display distinct sequence affinities depending on whether the basic system is combined with a Ubl-conjugation or the HORMA-TRIP13/Pch2 system: those associated with the former share specific sequence features with the *V. cholerae* DncV cyclase suggesting that they are likely to synthesize a cGAMP signal, while the HORMA-TRIP13/Pch2-associated versions share specific sequence features with OAS, suggesting they might generate 2′-5′A-like oligonucleotides. Both types of systems sometimes feature a 3′-5′ exonuclease of the RNaseH fold, which is not found in the standalone two-gene systems. This 3′-5′ exonuclease might either play the role of the sole effector or act in combination with the other effector encoded by the operon (Figure [4D](#F4){ref-type="fig"}, [I](#F4){ref-type="fig"}, [J](#F4){ref-type="fig"}). While the SAVED domain is most commonly found as the predicted effector-linked nucleotide sensor in these systems (Figure [4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}, [G](#F4){ref-type="fig"}), variant versions (always linked to HORMA-TRIP13/Pch2) instead feature the SLOG domain in its place (Figure [4J](#F4){ref-type="fig"}). This clade of SLOG domains was previously unknown, and lack the residues typical of catalytic versions of the superfamily (Table [1](#tbl1){ref-type="table"}: TPALS family, Supplementary Material), thereby supporting the idea that they are nucleotide sensors rather than active enzymes. These SLOG domains are fused to TIR or a nucleoside phosphorylase domain (Figure [4J](#F4){ref-type="fig"}) ([@B121]), which could act as effectors in these systems (Supplementary Table S2).

There are other subtle architectural features in the organization of these systems: first, there are instances of fusions between otherwise discrete components; e.g. occasionally, Ubl-system components are observed fused to the effector proteins and SMODS is observed to be fused to the E2 domain (Figure [4E](#F4){ref-type="fig"}). Second, these gene neighborhoods display certain syntactical conservation in terms of ordering of the genes (Figure [4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}, [G](#F4){ref-type="fig"}, [J](#F4){ref-type="fig"}, Supplementary Material). Together with the tendency of these systems to travel as a unit across the bacterial tree, these observations suggest that the components are assembled into a single complex, with their synthesis in a certain order facilitating proper assembly. In functional terms, these multicomponent systems could be interpreted thusly: The Ubl-conjugation or HORMA-TRIP13/Pch2 components are 'co-effectors'. In this scenario they are activated either directly by the nucleotide generated by the SMODS enzyme or through physical interaction between the SMODS and components in the formed complex and act in conjunction with the effector encoded by the basic two-gene core to reinforce its action. Thus, the Ubl-conjugation components can be conceived as modifying invader- or host-proteins via ligation of an Ubl tag thereby targeting them for degradation; the JAB protein would help in cleaving off this Ubl tag at the cellular protein-degradasome, after which the Ubl could be 'recycled' for further rounds of conjugation. Similarly, in this proposal the HORMA domain undergoes a switch, mediated by the ATPase action of the TRIP13/Pch2 component, allowing it to capture peptides from the host or invader proteins.In an alternative although not mutually exclusive scenario, the Ubl-conjugation or HORMA-TRIP13/Pch2 components could function as modulators that help contain the effectors unleashed by nucleotide-production after they have completed their role in the ongoing conflict. Consistent with this, fusions between the JAB domain and the effector component or the SMODS and the E2 ligase (Figure [4E](#F4){ref-type="fig"}) suggest that components of the basic two-gene system might be targeted for modification and subsequent degradation. Similarly, in this scenario the HORMA domains might capture peptides from components encoded by the basic two-gene system and perhaps render them suitable for degradation in conjunction with the ATPase action of TRIP13/Pch2.

### Combinations with CRISPR/Cas systems {#SEC3-5-2}

Proteins with the effector and SAVED domains are found independently of the SMODS domain lodged within CRISPR/Cas systems in several distant bacterial lineages (Figure [2E](#F2){ref-type="fig"}, Supplementary Material). Likewise certain SLATT-SMODS systems are also lodged within CRISPR/Cas systems (Figure [2E](#F2){ref-type="fig"}). This embedding again strengthens the above proposal that the CRISPR/Cas systems are activated by nucleotide second messengers. Consistent with this, in most genomes with such combinations at least one CRISPR-polymerase is predicted to be catalytically active, suggesting that they might generate the nucleotide to activate the embedded effector proteins in addition to the standard CRISPR/Cas effectors in the form of the CARF domain proteins.

### Combinations with diverse R-M and DNA-modification systems {#SEC3-5-3}

The basic two-gene systems (e.g. certain SLATT-SMODS systems) are often nested within classical restriction-modification (R-M) systems (Figure [2F](#F2){ref-type="fig"}). Even more striking is the sporadic but phyletically widespread system coupling a basic two-gene system, coding for a SLATT protein and either a SMODS or TIR domain protein, with a distinctive three-gene system (Figure [1L](#F1){ref-type="fig"}, [M](#F1){ref-type="fig"}). This latter system codes for a QueC-like PP-loop ATPase, a divergent member of the nucleic acid guanine transglycosylase family (TGT) and an endoDNase domain related to Helix-hairpin-Helix (HhH) DNA glycosylases. Recent research has identified this divergent member of the TGT family as an enzyme that catalyzes the transfer of a deazaguanine base, PreQ0, into DNA in place of guanine ([@B122]). Similarly, QueC in this system was identified as the enzyme which likely synthesizes PreQ from free 7-carboxy-7-deazaguanine available in the cell as a precursor for tRNA metabolism. The HhH-endoDNase/DNA-glycosylase component of the system is predicted to act as the enzyme targeting foreign DNA not containing the PreQ0 modification, analogous to the methylation-based restriction in prototypical R-M systems. Another distinctive combination is seen in the form of a subset of the TIR-SLOG systems from diverse bacterial lineages being associated with a Nmad2 domain protein, the MazG nucleotide pyrophosphohydrolase fused to the MazG-C domain ([@B122]) and a α-glutamyl/putrescinyl thymine phosphorylase (aG/PT-pyrophoshorylase) domain (Figure [3J](#F3){ref-type="fig"}, Supplementary Table S2). This combination of components was recently reported as constituting a nucleotide modification pathway for biosynthesis of hypermodified thymines in DNA ([@B122]), which might again be used in distinguishing self from non-self DNA in bacteriophage-host conflicts.

In all the above cases, the basic two-gene system is interpreted as functioning in conjunction with the associated R-M system, either as a force-multiplier or as a backup, which can facilitate the induction of dormancy or cell suicide in the event of the failure of the associated R-M system ([@B115]). Indeed, such couplings of R-M systems with HEPN domain RNases and Abi-like counter-phage systems have been previously reported and observed to function as back-ups for the former systems ([@B79],[@B123]).

Disparate systems sharing certain components with the above systems {#SEC3-6}
-------------------------------------------------------------------

### A Novel retroelement with diversity-generating potential {#SEC3-6-1}

This system displays the same two-gene architecture as the earlier-described systems coding for SLATT proteins; however, here the SLATT genes are remarkably combined with a distinctive reverse transcriptase (RT) gene (Figure [1B](#F1){ref-type="fig"}, [J](#F1){ref-type="fig"}; Supplementary Table S2). These SLATT proteins are distinguished by the presence of a third TM segment after the C-terminal helical cytoplasmic tail. Moreover, these SLATT domains display rapid sequence divergence relative to all other prokaryotic SLATT domains (Supplemental Material). The RT domain, also rapidly evolving, is most closely related in terms of domain architectural features and sequence affinities to RTs observed in bacterial retroelements, including group-II introns ([@B124]) and diversity-generating retroelements (DGRs) ([@B125]). These two retroelements, along with this novel system, share a C-terminal fusion to the so-called 'domain X', which is thought to bind RNA during reverse transcription ([@B126],[@B127]). However, like the DGRs, this novel system does not contain the HNH endonuclease found fused in many group-II intron RTs. Phylogenetic analysis reveals that this system is highly mobile and is seen in diverse proteobacteria, firmicutes, bacteroidetes and fusobacteria (Supplementary Material). Elements from different strains of the same species or even same genome often fail to group together in phylogenetic analyses, suggesting independent acquisition due to hypermobility (Supplementary Figure S1). These observations indicate that the system defines a highly-mobile selfish retroelement.

Drawing analogy to the aforementioned retroelements and retrons, which use the RT domain in the production of multicopy single-stranded DNA in certain bacterial genomes ([@B128]), we propose a mechanism of dispersal for this novel retroelement: RNA copies of the element are likely transcribed and translated by host machinery. The resulting RNA transcript is then reverse-transcribed into DNA by the RT domain and transported out of host bacteria via pores formed by the SLATT protein. Specificity in DNA transport could be mediated by the distinctive C-terminal region of these SLATT domains. Interestingly, given the rapid sequence divergence of both components of this system, it is likely that the RT is error-prone and has potential to generate diversity. It is possible that diversification of the SLATT protein by this mechanism might confer some advantage to the host cells.

### Systems linked to NAD utilization and ADP-ribosylation {#SEC3-6-2}

Several biological conflicts involve NAD-dependent pathways: toxins from T-A systems, polymorphic toxin systems and related conflict systems ADP-ribosylate proteins and nucleic acids using NAD as the substrate ([@B86],[@B129]). RNAs cleaved by toxins often have 2′ phosphates, which are repaired by the KptA enzyme using NAD as a substrate generating an ADP-ribose derivative as a byproduct ([@B130]). Members of a distinct clade of the SLOG superfamily (Table [1](#tbl1){ref-type="table"}; YspA clade) show fusions to NUDIX, NADAR and MACRO domains (Figure [5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}), which are involved in cleaving ADP-ribose adducts or processing ADP-ribose derivatives for clearance ([@B129],[@B131]). Members of one these clades also occur as part of previously-described giant operons, which combine several genes that utilize NAD and process ADP-ribose derivatives (Figure [5C](#F5){ref-type="fig"}) ([@B129],[@B131]). Similarly, they are also found as domains in previously-described large proteins fused to C-termini of bacterial RNA-dependent RNA Polymerase (RdRP) modules along with Macro and NADAR domains (Figure [5D](#F5){ref-type="fig"}) ([@B132]). Hence, these SLOG domains might act both as sensors and processing enzymes that act on ADP-ribose or NAD. These systems could be potentially deployed in response to ADP-ribosylation of cellular components by toxins or, in the case of those containing KptA, for RNA repair. The enigmatic proteins with RdRP modules might likewise have a role in a hitherto unknown RNA-repair mechanism.

![(**A**--**F**) Network and conserved gene neighborhoods representing systems centered on the SLOG domain. See Figure [1](#F1){ref-type="fig"} for abbreviations and further explanation. (**G**) Multiple sequence alignment of SLOG domain family found in TRPM ion and predicted prokaryotic membrane channels (LSDAT family in Table [1](#tbl1){ref-type="table"}). See Figure [4](#F4){ref-type="fig"} for explanation of multiple sequence alignment and abbreviations. Conserved residues are colored in red with letters shaded in white. Additional abbreviations: -, negatively-charged residue; l, aliphatic residue. (**H**) Representative domain architectures of the SLOG domain in TRPM ion channels and other eukaryote contexts. (**I**) Representative domain architectures of SLOG domains predicted to be part of 'conventional' second messenger signaling systems. (**J**) Representative gene neighborhoods of pJV1-spdB3-based signaling systems. (**K**) Gene neighborhoods representing predicted signaling switch mediated by SLOG and PRTase domains.](gkv1267fig5){#F5}

Nucleotide-centric systems in non-conflict contexts {#SEC3-7}
---------------------------------------------------

Despite their intrinsic diversity, all above-described systems can be broadly interpreted as participating in biological conflicts. This general functional theme distinguishes such systems from other previously well-studied nucleotide-based signaling systems with primarily homeostatic and environment-sensing functions for the cell. Nevertheless, our analysis uncovered several instances where components related to those from above systems have been deployed in apparently non-conflict contexts, in both prokaryotes and eukaryotes. We describe the most notable of these below.

### Prokaryotic and eukaryotic systems regulating ion flux and membrane transport {#SEC3-7-1}

Several bacterial proteins with fusions of SLOG and SLATT domains are encoded by solo genes independently of their TIR partners (Figure [5E](#F5){ref-type="fig"}). Hence, it is possible that these have roles other than in conflicts. Again in bacteria, the SLOG domain is combined either in operons or via direct fusion to a novel 4TM domain (e.g. gi: 503733372 from *Nitrosomonas*). This TM domain is also fused to two tandem Rossmann fold TrkA-N domains, which bind NAD^+^ ([@B133]), and/or the poorly-understood RyR domains, which are often observed fused to calcium channels in eukaryotes (Figure [5F](#F5){ref-type="fig"}) ([@B134]). Iterative sequence searches revealed that it is distantly related to eukaryotic ion channel domains, suggesting that this TM domain might function as a novel type of bacterial ion channel.

PSI-BLAST searches initiated with one of the families of SLOG domains fused to the SLATT domain in bacteria (Table [1](#tbl1){ref-type="table"}: LSDAT clade) also recovered homologs from diverse eukaryotes (see alignment, Figure [5G](#F5){ref-type="fig"}). Strikingly, the domain mapped to the N-terminal region of the TRPM family of ion channels (Figure [5H](#F5){ref-type="fig"}) (e.g. query gi: 499640127, *Anabaena variabilis* recovers gi: 109730277, *Homo* sapiens; PSI-BLAST e-value: 7e-11; iteration: 1). These channels have been extensively studied in animals including humans and are monovalent cation channels, also accommodating divalent cations with varying specificity ([@B135]--[@B137]). Previous studies have revealed complex domain architectures for the TRPM family but no known domain had been found in the large conserved N-terminal region where we identified the SLOG domain ([@B138]--[@B141]). Thus, we can now present the core domain architecture of the TRPM family as: an N-terminal cytoplasmic SLOG domain followed by three divergent ankyrin repeats (consistent with ankyrin repeats previously reported in other classes of TRP channels ([@B142])), the 6TM ion channel domain and the so-called C-terminal cytoplasmic 'TRP-box' motif (Figure [5H](#F5){ref-type="fig"}). In several members of the TRPM family there is an additional cysteine-rich cytoplasmic domain fused at the extreme N-terminus. Further, we found that the core architecture (SLOG+3Ankyrin+ion-channel) is found not just in animals and choanoflagellates ([@B143]) but is also present in the algae such as the cryptomonad *Guillardia* and the haptophyte *Emiliania* (Figure [5H](#F5){ref-type="fig"}). This suggests a potentially deeper evolutionary origin for the TRPM proteins than previously thought. While ciliate versions of this clade of SLOG domains are often standalone domains, they are also found fused to a distinct ion channel or Ras-like GTPase domains (Figure [5H](#F5){ref-type="fig"}).

Multiple independent fusions of SLOG domains to different ion-channel and SLATT domains (Figure [5A](#F5){ref-type="fig"}, [E](#F5){ref-type="fig"}, [F](#F5){ref-type="fig"}, [H](#F5){ref-type="fig"}) in both bacteria and eukaryotes indicate that this domain is widely recruited to regulate flux across membranes. Above-discussed contextual connections across different systems and different families of SLOG domains strongly suggest a role for it in binding nucleotides or their derivatives. Possibilities suggested by the contextual links and previous experimental results are AMP, NAD or ADP-ribose or its derivatives. This is especially notable in the context of TRPM channel regulation. A multiple sequence alignment of eukaryotic SLOG domains reveals conservation of the nucleotide-binding pocket; however, unlike most prokaryotic representatives of this clade of SLOG domains, these lack conservation of the predicted catalytic residues (Figure [5G](#F5){ref-type="fig"}). This suggests that they are more likely to function as sensors rather than nucleotide-processing enzymes. While an universal TRPM ligand has not been identified, a range of soluble ligands have been linked to gating and regulation of TRPM channels, including ADP-ribose, cyclic ADP-ribose (cADPR), NAADP, cAMP, H~2~O~2~ and phosphatidylinositol ([@B4],[@B5])-bisphosphate (PIP~2~) ([@B135]--[@B137]). ADP-ribose, cADPR and NAADP are generally believed to act via the C-terminal cytoplasmic Nudix domain found in some TRPM channels (e.g. TRPM2). However, in light of our discovery of a SLOG domain in all TRPM proteins it is possible that nucleotide-derived ligands have a more general role in regulating these channels.

### Miscellaneous signaling systems {#SEC3-7-2}

The systems described so far are largely self-contained, hardly showing links to previously well-characterized signaling networks dependent on cAMP/cGMP. Nevertheless, we did recover some less-frequent but phyletically-widespread links to these conventional cNMP signaling systems. One of these features a SLOG domain (belonging to the same clade as those found linked to ADP-ribose processing enzymes) fused to TPR repeats and either a cNMP-generating cyclase or a TIR domain (Figure [5I](#F5){ref-type="fig"}). Occasionally, these might also contain a further fusion to RyR or SLATT domains (Figure [5I](#F5){ref-type="fig"}). It is possible that the SLOG and RyR domains (if present) are sensors for specific nucleotide-derived ligands, and are in regulatory interplay with the activities of the fused cyclase and TIR domains.

In another distinct system, the AGS-C domain, which is normally found fused to SMODS enzymes, is instead fused to a cNMP-generating cyclase domain (Figure [2C](#F2){ref-type="fig"}). Alternatively, genes encoding related cNMP-generating cyclases might be combined with a gene encoding a cNMP-binding domain (cNMPBD) fused to either an HTH or TIR domain (Figure [5J](#F5){ref-type="fig"}). Across phylogenetically diverse bacteria these cyclase genes linked to a gene coding for a novel 3TM protein belonging to the pJV1-spdB3 family (Figure [5J](#F5){ref-type="fig"}), implicated in intramycelial plasmid DNA transfer in *Streptomyces* ([@B144]--[@B146]). In some gene-neighborhoods, the pJV1-spdB3 domain is fused to HD domain phosphoesterases, which could hydrolyze cNMPs, while also associating with cNMP cyclases and other genes with potential roles in extracellular DNA (eDNA) recognition or processing (L Aravind, AM Burroughs, personal observations). Consistent with the conservation of multiple cytoplasmic positively-charged residues (Supplementary Material), its contextual associations, and role in DNA-transfer pJV1-spdB3 might serve as a membrane-anchored DNA receptor. The associated cyclic nucleotide-related domains could then signal the presence of DNA via a nucleotide signal. Despite recovery of these links to cNMP-signaling systems, it should be stressed that these systems seldom show links to dominant domains in conventional cNMP signaling pathways like PAS or GAF domains.

Finally, an enigmatic two-gene system encodes proteins respectively containing the SLOG domain and a phosphoribosyltransferase (PRTase) domain. The SLOG domain is often additionally fused to either of two distinct DNA-binding domains, a helix-turn-helix or a KilA-C domain ([@B147]) (Figure [5K](#F5){ref-type="fig"}). PRTase domains catalyze synthesis of nucleotides from 5-phospho-ribose 1-diphosphate and a free base, a reaction which is exactly the opposite of that known to be catalyzed by certain SLOG domains. Hence, it is conceivable that this pair constitutes a signaling switch with the PRTase domain generating a nucleotide, which is then recognized by the SLOG domain (and perhaps eventually hydrolyzed by it to terminate the signal). The DNA-binding domains fused to the SLOG domain could regulate transcription in a ligand-regulated fashion.

Evolutionary and general functional implications {#SEC3-8}
------------------------------------------------

Our analysis has uncovered an extensive network of systems dominated by themes related to biological conflicts (Figure [1A](#F1){ref-type="fig"}). More directly, these include inter-genomic conflicts between invasive entities (phages, plasmids and conjugative transposons) and host genomes, or inter-organismal conflicts. In a more general sense, biological conflicts also include situations such as selfish elements fostering their own mobility, or conditions precipitating decisions between continued growth and dormancy/sacrifice of self via cell-death for the good of kin (e.g. during attacks by rivals using antibiotics, host immune attack or stress). Thus, we can now interpret the role of the archetypal SMODS protein DncV in *V.cholerae* virulence ([@B19]) in a broader context. More generally, these prokaryotic systems appear to have been enormously elaborated to include a striking diversity of nucleotide-dependent systems that also includes the CRISPR/Cas systems. Specifically, the CRISPR polymerase, which was poorly understood, with proposed functions in amplification of CRISPR transcripts ([@B148]), untemplated RNA modification ([@B108]) and cyclase activity ([@B111],[@B116],[@B149]), can now be seen as generating a nucleotide signal to activate the associated CARF effectors[@B37]). Identification of mCpol, the ancestral version of the CRISPR polymerase, and its association with CARF domains suggest that minimal mCpol-CARF units combined with other mobile elements including the RAMPs and the Cas1-Cas2 dyad to give rise to the classical Type-I and Type-III CRISPR systems[@B115]).

These systems also reinforce the deeper evolutionary connection between nucleic acid polymerases and synthetases generating nucleotide signals. On multiple occasions the latter enzymes appear to have emerged in the same superfamilies as the former, even across unrelated folds---e.g. the polβ-like fold (SMODS, cGAS, OAS, RelA/SpoT) ([@B31],[@B32]) and RRM-like polymerase palm fold (mCpol and CRISPR polymerase) ([@B108]). It is interesting to note that some of the synthetases for signaling nucleotides are specifically related to enzymes involved in RNA repair: Thg1 involved in tRNA 5′ end repair is related to mCpol and CRISPR polymerase, and the RNA 3′ nucleotidyltranferases (e.g. tRNA CCA-adding enzyme) are related to SMODS, cGAS and OAS. Though the DisA-N domain, another cyclic dinucleotide generating enzyme, is unrelated to any known cellular polymerase domain, it still acts in response to sensing branched DNA ([@B16]). Another notable aspect of our study is the identification of potential nucleotide-binding and processing domains (TIR and SLOG superfamily), some members of which might play biochemically distinct but functionally equivalent roles as the above synthetases and nucleotide sensors in comparable systems. This suggests that not just nucleotides but also fragments derived from them might be used as equivalent signals. Even here we see potential evolutionary links to direct interactions with nucleic acids: (i) Members of one of the most conserved clades of SLOG domains (Smf/DprA) directly binds ssDNA as part of the transformation process ([@B67],[@B150]). (ii) The classical SLOG family releases modified adenines as part of tRNA degradation ([@B26],[@B27],[@B151]). (iii) TIR domains have also been previously implicated as potential effectors that might operate on DNA ([@B60],[@B78]).

This raises the possibility that cyclic/oligo-nucleotide-generating synthetases, SLOG and TIR domains might have all originally emerged in the context of nucleic-acid-related interactions. In the case of the polymerases it is conceivable that their ancestral role was nucleic acid repair when under attack by effectors of selfish elements. This might have allowed their cyclic/oligo-nucleotide byproduct to be channelized as an activating signal for immune response, thereby leading to the emergence of dedicated signaling synthetases that retained their ancestral nucleic-acid sensing capability. The ancestral role in sensing incoming DNA or degraded tRNA might have allowed SLOG domains and probably also TIR domains (due their predicted nucleic-acid-sensing capacity) to be similarly recruited, albeit in a new role dependent on their nucleotide-binding/processing capacity. In mechanistic terms incorporation of such a nucleotide (or derivative) signal provides a means for: (i) an additional level of control which would not be possible in the case of a direct response; (ii) potential for signal amplification; (iii) setting a response threshold that allows robust discrimination of signal from noise. These would be especially useful when effector systems, which are expensive in terms of production and deleterious/fatal for the host cell, are deployed.

While bacterial homologs of animal polβ cyclase enzymes (OAS and cGAS) involved in interferon-associated antiviral immunity have been previously recognized ([@B57]), their significance was poorly understood. Our work shows that not only are their bacterial cognates more extensive than previously reported but that OAS and cGAS can be seen as being a subset of the larger diversity of such systems observed in prokaryotes. In light of this it is likely they were acquired early in animal evolution via lateral transfer from bacteria and utilized 'as is' in a similar capacity as nucleotide-signal generating enzymes in the defensive response against invasive nucleic acids. In contrast, SLOG domains in TRPM ion-channels and the HORMA-Pch2 dyad are examples of a more derived use of components from prokaryotic systems. Bacterial HORMA and Pch2 proteins are nearly always linked together in a single operon. Further, the bacterial HORMA domains represent the minimal version of this domain without any of the additional C-terminal extensions of their eukaryotic counterparts. These features suggest that they are the precursors of the eukaryotic counterparts. Eukaryotic HORMA domains are central to both meiosis and mitosis, with a HORMA-Pch2 dyad being critical for the former process ([@B102],[@B103]). Given the role of the Pch2 AAA+ ATPase in clearing HORMA protein assemblies at sites of synaptonemal complexes ([@B103]), it is likely that the acquisition of this pair from one of the above-described bacterial systems was a key factor in the origin of eukaryotic meiosis. This again adds to the growing evidence that conflict systems derived from bacterial endosymbionts in the stem eukaryote contributed major components for the emergence of quintessentially eukaryotic processes ([@B152]--[@B154]).

CONCLUSIONS {#SEC4}
===========

Identification of this network and reconstruction of diverse systems encompassed by it not only adds a new layer to nucleotide-centric signaling but also helps clarify certain obscure evolutionary and functional aspects. Importantly, it establishes nucleotide/nucleotide-derived signals as an overarching principle unifying diverse biological conflict systems from the three superkingdoms of life. Thus, previously known systems as disparate as animal 2′-5′ OA and 2′-5′ cGAMP signaling and prokaryotic CRISPR/Cas systems are brought together with the new ones reported here under a single mechanistic umbrella. This opens new avenues for both investigation of basic biology and development of new biotechnology. Given the function of DncV, an archetype for these novel systems, further investigation might offer alternatives in managing bacterial virulence. The extensive but underappreciated spread of these signaling systems and their effectors might also provide unexplored regulatory handles that can be harnessed for biotechnological purposes. In a similar vein, the novel retroelement recovered in this study with its potential for diversity generation might also provide a means of mutagenizing and exporting DNA generated by reverse-transcription. Finally, discovery of a potential universal ligand-binding domain for the TRPM channels opens up several opportunities to better understand this important class of signaling proteins, which have been implicated in several human diseases ([@B155]--[@B161]). Given their role in numerous sensory pathways, manipulation of this ligand-binding domain might also offer a means to control these channels in hitherto unexpected ways.

AVAILABILITY {#SEC5}
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The supplementary information is also available from the following FTP site: <ftp://ftp.ncbi.nih.gov/pub/aravind/temp/SMODS_SLOG/Supplementary_Material.html>.
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